We investigated the feasibility of designing an Anger-logic PET detector module using large-area high-gain avalanche photodiodes (APDs) for a brain-dedicated PET/MRI system. Using Monte Carlo simulations, we systematically optimized the detector design with regard to the scintillation crystal, optical diffuser, surface treatment, layout of large-area APDs, and signal-to-noise ratio (SNR, defined as the 511 keV photopeak position divided by the standard deviation of noise floor in an energy spectrum) of the APD devices. A detector prototype was built comprising an 8 × 8 array of 2.75 × 3.00 × 20.0 mm 3 LYSO (lutetium-yttrium-oxyorthosilicate) crystals and a 22.0 × 24.0 × 9.0 mm 3 optical diffuser. From the four designs of the optical diffuser tested, two designs employing a slotted diffuser are able to resolve all 64 crystals within the block with good uniformity and peak-to-valley ratio. Good agreement was found between the simulation and experimental results. For the detector employing a slotted optical diffuser, the energy resolution of the global energy spectrum after normalization is 13.4 ± 0.4%. The energy resolution of individual crystals varies between 11.3 ± 0.3% and 17.3 ± 0.4%. The time resolution varies between 4.85 ± 0.04 (center crystal), 5.17 ± 0.06 (edge crystal), and 5.18 ± 0.07 ns (corner crystal). The generalized framework proposed in this work helps to guide the design of detector modules for selected PET system configurations, including scaling the design down to a preclinical PET system, scaling up to a whole-body clinical scanner, as well as replacing APDs with other novel photodetectors that have higher gain or SNR such as silicon photomultipliers.
Introduction
The integration of PET and MRI has recently attracted intensive research interest because of its potential to correlate high-sensitivity molecular information from PET images with highresolution anatomical information from MRI images (Schlemmer et al 2008 . One promising application for PET/MRI is in neurological imaging, such as detecting small foci, diagnosing Alzheimer's and Parkinson's diseases, and correlating functional MRI with 15 O PET (currently accepted as gold standard) in cerebral blood flow (CBF) and cerebral blood volume (CBV) measurements (Catana et al 2008 . Another appealing prospect is whole body PET/MRI for oncology and cardiology studies (Takasawa et al 2005 , Nekolla et al 2009 . Besides several technical challenges such as physical compatibility, magnetic field inhomogeneity and electromagnetic interferences between PET and MRI components, finding a high-performance MRI compatible PET detector is critical.
As conventional photomultiplier tube (PMT) devices cannot maintain normal performances even in the relatively weak earth magnetic field of around 5 mT (Peng et al 2010a (Peng et al , 2010b , they are not considered ideal candidates for the PET/MRI design unless long optical fiber bundles are used (Shao et al 1997) . A new photodetector type, the avalanche photodiode (APD), has been increasingly used in pre-clinical PET and PET/MRI systems (Lecomte et al 1990 . APDs are semiconductor detectors and output signals originate from the avalanche multiplication process of electronhole pairs in the sensitive area (depletion region) as a result of a light stimulus hitting its surface. Such a device can tolerate high magnetic fields up to 7 T. In addition, compared to the bulk volume of PMT devices, the compactness of the APD device allows for high packing fraction, something of critical importance for the high-resolution PET system design (Lecomte et al 1990 . For a brain-dedicated clinical PET/MRI system operating inside a strong magnetic field (1.5-3 T) and given the limited space inside a MRI scanner, APDs are ideal candidates for replacing PMTs.
Several groups have investigated APD-based PET detector modules with different approaches. The first design is one-to-one coupling between scintillation crystals and APDs, which is deployed in small animal PET systems (Lecomte et al 1990 . This design achieves high light collection efficiency, good energy resolution and good time resolution. However, such a design requires a large number of readout channels and serious challenges exist as the system scales up to a clinical system of larger field-of-view (FOV). In other words, how to use arrays of small crystal elements for high spatial resolution while reducing the number of readout channels is a fundamental challenge for the PET detector design. To address the issue, commercial PET scanners have employed position-sensitive detectors of various designs during last 30 years, including Anger-logic-type (Casey and Nutt 1986 , Dahlbom and Hoffman 1988 , Grazioso et al 2005 , quadrant sharing (Wong et al 1994 (Wong et al , 1999 , and continuous crystal design (Joung et al 2002 , Ling et al 2006 . An Angerlogic-type PET detector consists of an array of scintillation crystals coupled to a matrix of photodetectors (normally 2 × 2 PMTs). Each crystal has a unique light-sharing ratio among four photodetectors and their output signals are used to derive the spatial information with positioning algorithms Nutt 1986, Dahlbom and Hoffman 1988) . It is challenging to make a comprehensive comparison between different PET block detector designs. In this work, we focus on an Anger-logic-type block detector design due to its simplicity in data handling, ease of assembly/maintenance, and its widespread use in clinical PET systems (German and Hoffman 1990) .
In this paper, we present a design of an Anger-logic APD-based PET block detector for a brain-dedicated PET/MRI system that uses a 2 × 2 arrangement of large-area APDs. Several relevant issues need to be considered for such a task: (1) the crystal element width needs to be smaller (∼2.5 mm) than that in a standard clinical PET scanner (∼4-6.5 mm) in order to detect small structures of the brain while maintaining sufficient counting statistics (Humm et al 2003) ; (2) some means of light diffusion from the crystal arrays into the 2×2 large APD arrangement is needed to be able to perform Anger logic; (3) compared to the high gain of PMTs (∼10 5 -10 6 ), APDs have a gain of ∼50-1000, and relatively an inferior signal-to-noise ratio (SNR) due to leakage current and an increased excess noise factor. These issues might pose a limit for the block detector design.
The proposed PET detectors will be used inside a GE 3.0 T MRI scanner for brain imaging (Peng et al 2008) . The complete PET ring is designed to operate outside RF coils but inside gradient coils, with an inner radius of approximately 36 cm (figure 1). Each PET block detector module consists of an LYSO scintillation crystal, an optical diffuser, a 2 × 2 arrangement of large-area APDs and front-end circuits. The PET ring is to be located between the brain RF coil and the gradient coil of the MRI scanner. The Anger-type logic algorithm used is also shown in figure 1 . A, B, C, D correspond to the signals from the four distinct APDs, respectively. Each detector module requires only 4 APDs to resolve 64 relatively small size crystal elements (e.g. ∼2.5 mm resolution suitable for brain PET imaging with a multiplexing ratio of 64/4 = 16) while achieving comparable intrinsic detector performance to that achieved in clinical PET scanners for parameters such as energy resolution, time resolution and crystal identification.
The paper is organized into two parts. First, a photon transport Monte Carlo simulation tool was used to optimize the design with regard to scintillation crystal, surface treatment, optical diffuser, layout of APDs, and SNR of APD devices. Second, we present the design of a prototype detector with four different optical diffuser designs. Preliminary performance studies and results of two successful designs are reported. In addition, it is worthwhile to mention that the generalized design model developed in this work could be easily applied to other PET detector designs utilizing other photodetector technologies such as the emerging (silicon photomultiplier) SiPM (Lewellen 2008 , Schaart et al 2009 , Song et al 2010 , Kwon et al 2011 , since they share several similar design features including crystal array, optical diffuser, light sharing, detector dead area and SNR performance.
Methods

Monte Carlo simulations
All optical simulations performed in this work used DETECT2000, a Monte Carlo simulation tool for studying light transport (Knoll et al 1988 , Moisan et al 1997 , Rothfuss et al 2004 . In DETECT2000, scintillation crystals, optical diffusers, and photodetectors can be specified in terms of dimensions, refractive index, attenuation mean free path, and surface treatment. A given number of optical photons are created isotropically at user-defined positions inside scintillation crystals. They will be either absorbed or scattered within the crystal bulk or optical interfaces, until they are detected eventually when they hit a photodetector's surface. The scintillation crystal employed in this work is lutetium-yttrium-oxyorthosilicate (LYSO).
Parameters in the simulation are summarized in table 1. The light output profile of an incoming 511 keV photon also depends on where it deposits its energy inside a scintillation crystal, which is related to the linear attenuation coefficient of LYSO (Melcher 2000) . In our simulation, 511 keV photons are generated by weighting a uniform distribution by an exponential distribution in the direction along the length of crystal elements due to the attenuation of 511 keV photons inside crystals. We limited the crystal size to 2.5-3.0 mm in order to achieve high spatial resolution and mitigate the partial volume effect. We did not study crystal width smaller than 2.5 mm as the counting statistics is a fundamental limiting factor for PET image quality and lesion detectability; reducing the crystal size by half will require eight times more counts for a PET system to maintain the same image SNR (Phelps et al 1986) . The large-area APD employed is ∼1.1 × 1.1 cm 2 (RMD Inc., Watertown, MA) and thus an 8 × 8 array of 2.5 mm crystals or a 7 × 7 array of 3.0 crystals seem feasible. The height (thickness) of the crystal is expected to be around 20 mm to provide sufficient stopping power for incoming 511 keV photons. Depth-of-interaction (DOI) capability will be considered in future work and is beyond the scope of this paper. 2.1.1. Light spread function kernel. The light spread function (LSF) kernel was studied with a single-crystal element on the top of an optical diffuser, varying the size of the crystal (both width and height), the height of the optical diffuser, and the surface treatment. Only a single large-area APD was simulated in this step. The optical diffuser and APD were considered being wide enough compared to the single crystal so that a spatial invariant LSF for a given configuration could be obtained. The light spread profile (LSP) as seen by the APD was analyzed quantitatively using formula (1). The process is illustrated in figure 2 . In this step, a set of crystal and diffuser configurations were simulated (crystal width: 2.0, 2.5, 3.0, 3.5, 4.0 mm; crystal height: 5, 10, 15, 20 mm; diffuser height: ranging from 2 to 10 mm in steps of 1 mm). For each crystal and diffuser configuration, four commonly used surface treatments as defined in DETECT2000 were studied (table 1). In the simulation, surface treatments were applied only to the four side faces of each crystal, while the top surface (optical entrant face) was configured as METAL and the bottom surface (optical exit face) was configured as POLISH for all cases. The results of A, B and C were used as inputs for the Anger-logic positioning scheme, described in section 2.1.2:
2.1.2. Anger-logic positioning scheme. Assuming that all crystals within a 1D array have the same individual LSF, the Anger-logic positioning scheme was analytically modeled using the following formulae Nutt 1986, Dahlbom and Hoffman 1988) :
where φ x represents the Gaussian distribution of light output from scintillation crystals. Different from section 2.1.1, two APDs were simulated here and the light output was shared between the left APD (signal: N − ) and the right APD (signal: N + ). μ and σ represent the mean (centroid) and standard deviation of each Gaussian distribution, respectively. For a given crystal pixel width, the LSF kernel obtained in section 2.1.1 was used to obtain the signals N − and N + , respectively. p and q refer to the possibility of light falling into each APD, which determines the light-sharing ratio. X represents the Anger-logic positioning based upon light sharing. N (the effective number of photoelectrons) was chosen to be 600. Although such estimation is an approximate representation of the true number of photoelectrons, it will not cause bias in our simulation routine as it is kept constant for all possible configurations. The X distribution (represented by φ x (n)) derived from formulae (2) and (3) varies between −1 and 1 and has the same number of peaks as the number of crystal pixels (figure 3). Three figures-of-merit were chosen (D 1 , D 2 and D 3 ) based on two leftmost crystals. D 1 represents the distance from the edge (X = −1) to the first peak's centroid, which indicates the spatial dynamic range of the detector positioning logic. D 2 represents the distance from the first peak's centroid to the second peak's centroid, which indicates the ability to distinguish photons that interact in either of those two crystal elements. D 3 is the average peak-to-valley ratio (PVR) for two peaks, which takes into account both the separation and the spread of the peaks. A good design would result in small D 1 but large D 2 and D 3 . We studied all three parameters in the simulation but only reported D 3 in this paper as it was found to be the most conclusive indicator for the optimization. To characterize Anger-logic positioning, a set of crystal and diffuser configurations were simulated. The crystal width ranged from 2.3 to 3.0 mm with a step size of 0.1 mm. The crystal height ranged from 13 to 20 mm with a step size of 1 mm. The diffuser height ranged from 2 to 10 mm with a step size of 1 mm. For those configurations not simulated (for instance, 2.4 × 2.4 × 17 mm 3 ), LSFs were based on linear interpolations from those LSFs studied in section 2.1.1.
Effects of APD layout and edge compression.
The large-area distinct APDs to be used in the prototype have dead areas on four sides due to the manufacturing process and ceramic package (figure 1). The dead area is 0.5 mm wide on three sides and 1.5 mm wide on the fourth side (for the high-voltage connection). The 2 × 2 layout of APDs strongly influences the scintillation light collection. Our rationale is that the separation between two APDs could be adjusted to improve crystal separation at the cost of some light loss. For instance, it might be preferable to arrange the APDs such that the 1.5 mm width dead regions face toward the center rather than outer peripheral regions of the scintillation crystal array. The effect of light compression at the edge is illustrated in figure 4 . Recall that in the previous steps, we applied a constant LSF kernel to all crystals within a module, which is not valid for corner/edge crystals. For instance, photons exiting crystal 1 in figure 4 are more likely to hit the face of the optical diffuser side wall and will be reflected toward the APD on the opposite side. The net effect is that crystal 1 deposits more light signal on the right APD than crystal 2. As a result, the Anger-logic positioning would not work and the overlapping of two crystals would be observed in the position map (see section 3.1.2 for more details).
The task of optimizing the APD arrangement focuses on two factors: APD layout and dead area. A full LYSO array (8 × 8) was chosen for these simulations based on the previous optimization (crystal size: 2.75 × 2.75 × 20 mm 3 ). For a given configuration of optical diffusers (height and width), we iterated the simulation routine searching for the optimum conditions in terms of 2 × 2 APD layout. The optimization criterion is that a configuration should result in the maximum separation (X 2 − X 1 ), where X 1 and X 2 represent the mean position (along the X direction) of the corner crystal and its adjacent crystal along the diagonal line of the detector module from Anger logic. Within each iteration, 10 000 scintillation photons were generated at a set of heights within the 20 mm length crystal element. Within each crystal in a single iteration, 200 trials (a 511 keV photon in a single trial) were simulated to estimate position fluctuations due to light propagation variations.
Noise model.
The above steps did not explicitly take into account noise behaviors of photodetectors. In this step, two sources of noise were incorporated: (1) spatial noise due to Poisson statistics of light photon generation inside the LYSO crystal; (2) APD's shot noise due to leakage current and multiplication noise. A generalized model (Macovski 1983 , Moszynski et al 2000 was proposed to study the dependence of Anger-logic positioning on the APD SNR and the yield of light photons. First, for an incoming 511 keV photon hitting an APD, the signal and noise can be analyzed using the following formula:
where M is the average gain of APD, Y is the number of e-h pairs directly generated by the incident visible photons, which is obtained from the DETECT2000 simulation output after a correction for the quantum efficiency (QE) of APD. S is the overall signal detected and E(S) represents the expected value of the signal. noise spatial refers to the noise sources (signal fluctuations) resulted from scintillation light generation and APD gain fluctuation. F is the excess noise factor of the APD. The values chosen in our simulation are M = 1000, QE = 60%, F = 2.5. Second, the total noise of the detector can be separated into two components, spatial noise and shot noise, as
where i shot results from both the surface leakage current (I s ) and the bulk leakage current (I b ) within the APD (Moszynski et al 2000) . However, the derivation of i shot relies on the accurate measurement of several parameters, including I s , I b , and bandwidth of readout electronics.
Alternatively, a generalized model was developed here to investigate the SNR's effect on Anger-logic positioning. The model aims to answer two questions: (1) if a detector's SNR affects the positioning ability and the quality of flood map; (2) if we can introduce a SNR parameter to link the noise modeling here to the energy spectrum obtained later in experimental studies.
We introduced SNR block as defined in formula (6), the 511 keV photopeak divided by the standard deviation of noise peak (i shot ) in the energy spectrum of a given photodetector. The factor of 2 in formula (6) comes from the addition of uncorrelated noise of the four APDs, which were assumed to have the same i shot value. An underlying assumption we made in formula (6) is that a corner crystal does not deposit light signals to the other three APDs except the one located right underneath the crystal itself. max(A, B, C, D) refers to the maximum signal among the four APDs. For corner crystals, max(A, B, C, D) is the signal of one APD collecting all the light out of the crystal, which corresponds to the signal of the 511 keV photopeak. Also note that in a detector module, the corner crystals are always subject to the effects of dead area and edge compression more significantly than other crystals. As a result, SNR block for the corner crystals represents the worst SNR scenario for a block detector:
For each 511 keV photon, the Anger-logic positioning was implemented in the following steps.
(1) Signals of the four APDs were obtained from DETECT2000. A, B, C and D represent the mean signals of the four APDs (all have the Gaussian distribution). For a corner crystal, max(A, B, C, D) is derived and it gives the signal amplitude of 511 keV photons. (2) noise spatial of the four APDs were determined individually using formula (4). (3) For a given SNR block , the noise (σ noisepeak ) was first derived using formula (6) and then it was used to estimate i shot individually for four APDs.
Anger-logic positioning without and with noise was studied for only a 4 × 4 LYSO portion of the 8 × 8 LYSO crystal array (one quadrant of the 8 × 8 array) due to symmetry. Three SNR block values (50, 30, 15) and associated flood maps were studied. When noise is Figure 5 . Left: the block detector prototype comprising the LYSO array, the optical diffuser (design II), the 2 × 2 layout of APDs and custom readout electronics. Middle: the detector prototype test board. The APD region with largest dead areas (1.5 mm width) is located in the central region rather than the edge of the array. Right: a slotted optical diffuser assembled from nine separate pieces. present, two noise sources (noise spatial and i shot , both assuming Gaussian noise) were added into raw signals from DETECT2000 simulations and then the Anger-logic positioning was implemented. Each trial corresponds to a 511 keV event and generates a point in the flood map. In total, 600 trials were made.
Experimental studies 2.2.1. Scintillation crystal array and 2 × 2 layout of large-area
APDs. An 8 × 8 LYSO scintillation crystal with crystal element dimensions of 2.75 × 3.00 × 20.0 mm 3 was built (figure 5). Each crystal pixel was optically isolated from other crystals by high reflection coefficient (98% RC) specular reflective materials (VM2000 tape, thickness 75 μm, 3M Company, USA). The APDs were provided by RMD (Watertown, MA, USA). The asymmetry of APD dead area (see figure 1) is the reason why the crystal width is not symmetric (2.75 mm × 3.00 mm). The capacitance of each APD is 0.7 pf mm −2 . The scintillation crystal array, optical diffuser and 2 × 2 arrangement of large-area APDs were coupled with optical grease BC630 (Saint Gobain, USA).
Optical diffuser designs.
Based on the simulation, four designs of optical diffuser were studied (figure 6). Optical diffusers were made of acrylic plastic materials and all surfaces were chemically polished. The cross-sectional area of each diffuser matches the total size of the crystal array except in design IV. Diffuser design I consists of a whole piece with the height varying between 3 and 10 mm. Four sides of the diffuser are coated with the VM2000 tape. For the other three designs, only the one with 9 mm height was tested based on the results from design I.
Diffuser design II is a dual layer design. The top layer (2 mm) of the diffuser is coated by an optical absorption material (electrical black tape) which is estimated to have ∼95% absorption efficiency. The bottom layer (7 mm) is covered with VM2000 tape. This design is expected to mitigate the edge light compression effect (a result of excessive reflection at the edges) and restore the separation between crystals. The drawback associated with this design is that light loss occurs due to the light absorption in the top layer, which will degrade the SNR of the APD.
However, as to be seen in section 3, design II fails to resolve all crystals in the block. Two other diffuser designs were developed. Designs III and IV are both slotted designs that involve the assembly of nine pieces. VM2000 tape is inserted in between the pieces as well as the . Schematic design of four optical diffuser designs tested. In design I, four sides are wrapped with specular reflectors. In design II, the top layer of 2 mm height is wrapped with black tape, while the remaining 7 mm is wrapped with specular reflector. In design III, separate pieces are made and specular reflectors are inserted in between. In design IV, the same slotted design as III is used but has a tapered shape (tapering angle ∼10 • ) for edge pieces in order to overcome the light loss at the dead perimeters of APDs.
outer faces of assembled blocks. The rationale here is that by introducing an optical barrier between corner/edge crystals and other crystals, light photons from corner/edge crystals are prevented from arriving at the APDs on the opposite side. As a result, the edge compression can be overcome without light loss. However, this would make the optical diffuser assembly more complex and slightly increase the detector's cost. The difference between designs III and IV is that in the latter one, eight pieces (except the central piece) are configured in a tapered shape aiming to overcome light loss occurring at the outmost dead areas of the block.
Characterization of individual APDs and the block detector.
The data acquisition system is briefly described here. Charge-sensitive preamplifiers and shaping amplifiers (time constant: ∼100 ns) were used. The output signals were simultaneously processed with commercially available data acquisition electronics (PCI-6143, National Instruments, USA). Peak sensing was triggered by an external logic signal generated by an ORTEC 935 constantfraction-discriminator (CFD) module. Signals of four channels were saved to obtain energy spectra and Anger-logic positioning. For the coincident timing measurement, a Hamamatsu fast PMT R9779-20 coupled to a 4.0 × 4.0 × 20.0 mm 3 LYSO crystal was configured in coincidence to the block detector. The PMT was biased at 1750 V and its output was directly connected to the ORTEC 935 CFD without any filtering. For the block detector, the four APD signals were first summed to a single channel using a summing circuit and then connected to an ORTEC 474 fast filter amplifier. The fast output was then fed into the ORTEC 935 CFD to pick off the timing. Two CFD outputs were finally connected to an ORTEC 567 time-to-amplitude converter (TAC) to get the time spectrum. A 10 μCi 22 Na sealed source was located between and equidistant to the two detectors. The distance between the faces of two detectors was 15 cm.
Prior to evaluating the block detector, the energy spectrum and time spectrum were obtained for a single APD with a single LYSO crystal of size 3.0 × 3.0 × 20.0 mm 3 . Its performance was optimized as a function of high voltage in terms of energy resolution. Once the performance of four APDs was optimized individually, we evaluated the block detector with the four optical diffuser designs. For the two designs that are able to resolve all 64 crystals (designs III and IV), the crystal flood maps were segmented using a k-mean clustering and voronoi algorithm (MATLAB, MathWorks, Inc., USA). Finally, we analyzed the block detector's performance including energy resolution, time resolution, SNR block , uniformity, and PVR. 3 ). Larger D 3 values are achieved when the diffuser has a height around 6-9 mm (METAL, crystal covered by specular reflectors) and 7-10 mm (crystal covered by diffusive reflectors). This indicates that the usage of reflectors helps confine the light spreading and maintain the original spatial information of crystals, as previously found in MicroPET detector designs (Chatziioannou et al 2001) . The specular reflector is preferred over diffusive reflectors as it shows approximately 1.5 times higher light output in our simulation, which is also consistent with the previous study with a similar crystal configuration (2.0 × 2.0 × 10 mm 3 ) (Heinrichs et al 2002) . For crystal element configurations of 2.0 × 2.0 × 20.0 mm 3 and 3.0 × 3.0 × 20.0 mm 3 , a similar pattern is found that large D 3 occurs when the diffuser is of 6-9 mm height.
Results
3
The 2D contour plot of D 3 as a function of the crystal's width and height is shown in figure 7(b) with an 8 mm high optical diffuser. It is observed that for a given crystal's width (ranging from 2.3 to 3.0 mm), increasing the crystal's height from 13 to 20 mm results in the decrease of D 3 since the light spread shrinks when the crystal aspect ratio (width over height) becomes smaller, though the crystal will have more stopping power for 511 keV photons. On the other hand, for a given crystal height, increasing the crystal width from 2.3 to 3.0 mm yields an initial increase of D 3 followed by a decrease. These results imply that there exists an optimum crystal/diffuser configuration for the largest D 3 (i.e. best crystal separation) when other effects such as detector dead area and edge light compression are not considered. The crystal configuration of 2.75 × 2.75 × 20.0 mm 3 and the surface treatment of METAL (specular reflector) were chosen for the studies presented in the following sub-sections. figure 8(a) . For a given diffuser's configuration (width: 24.0 mm, height: 9 mm), the dotted region indicates that the maximum (X 2 −X 1 ) (refer to section 3.1.3) is achieved when offset_X is ∼1.6 mm and offset_Y is ∼1.8 mm. Note that the width of the optical diffuser is larger than the width of the full crystal array (2.75 mm/crystal × 8 crystals = 22.0 mm). For all possible diffuser configurations, such 2D plots and the maximum (X 2 −X 1 ) values are obtained. The question arises here why offset_X has the range of −1.5-2 mm and offset_Y has the range of 0-2 mm. This is because an APD has asymmetric dead area (i.e. one edge of 1.5 mm width along the X direction and of 0.5 mm width along the other three edges, see figure 1 ). Such a concept is further explained in figure 8(b) . In our simulation model, a positive offset_X implies that the 1.5 mm dead area side of each APD is facing toward the middle APDs (see figure 5 middle) and an additional separation (offset_X) is applied; while a negative offset_X implies that the 1.5 mm dead area of each APD is located in the outer regions of two APDs with an additional separation applied (2 × 1.5 mm + offset_X -2 × 0.5 mm for each APD; 0.5 mm is the dead area on the other side of APD along the X direction). However, offset_Y is defined differently and it ranges only from zero to 2 mm, because the APD dead area is symmetric along the Y direction (0.5 mm for both sides). Assuming a square shape detector, it requires an extra 1.0 mm (difference between 1.5 and 0.5 mm) to be introduced for each APD along the Y direction. Therefore, offset_Y represents that 0.5 mm dead area of each APD located in between two APDs The scintillation LSPs (P 1 and P 2 ) as a function of the offset from the crystal array, as well as the difference (P 1 −P 2 ). The offset here refers to the depth into the diffuser measured from its entrance window, which decreases from zero to negative values. It is expected that the edge light compression effect could be mitigated by attenuating light signals located between 0 and −2 mm indicated by the arrow with an absorber. (c) Position map with the dual layer diffuser design (design II shown in figure 6(b) ).
APD layout and optical diffuser optimization. Impact of APD layout and edge compression on crystal separation is illustrated in
(1.0 mm dead area in total) and an additional separation (2 × 1.5 mm + offset_Y -1.0 mm) are applied. The optimum (X 2 −X 1 ) values for all possible diffuser configurations are shown in figure 8(c). Each data point is derived from the optimization routine illustrated in figure 8(a) (the maximum value within the 2D plot). For instance, (X 2 −X 1 ) values (11 leftmost points) are presented in that figure for the case when the optical diffuser has 24.5 mm width and its thickness varies from 5 to 10 mm in a step size of 0.5 mm. Two characteristics are observed: first, for all scenarios, the largest (X 2 −X 1 ) occurs when the optical diffuser has a height of around 8-9 mm. Second, as the width of the diffuser increases from 22.0 (11 rightmost points) to 24.5 mm (11 leftmost points), the maximum (X 2 −X 1 ) slightly increases from 0.02 to 0.05. It should be pointed out that such an improvement is very marginal when compared to the dynamic range (from −1 to 1) available to Anger-logic positioning. Also note that a PET system cannot afford the separation between two APDs (i.e. X offset and Y offset) in a detector too large, as it will result in poor packing fraction.
Under the diffuser configuration where the maximum (X 2 −X 1 ) of ∼0.06 is achieved (24.0 mm width and 9 mm thickness), the position map of two crystals is shown in figure 9 (a). Significant overlap between the corresponding crystal peaks indicates that the light sharing is not sufficient to resolve those two crystals. Therefore, no more attempts to increase (X 2 −X 1 ) through adjusting APD layout were made. In the following experimental study, the total dead area in between two APDs was fixed at 3.0 mm along the X direction and 1.0 mm along the Y direction. The edge compression effect was investigated and the results are presented in figure 9 (b). The LSPs for light created near the diffuser's side wall are shown for two crystals (P 1 and P 2 ). All visible photons interacting with the specified side wall of the diffuser were recorded and their position information was used to plot histograms. The offset refers to the depth into the diffuser measured from its entrance window. The locations of two crystals with respect to the side wall of the optical diffuser have been illustrated in figure 4. From 0 to −6 mm, P 1 has higher intensity than P 2 which indicates that more visible photons are hitting the region between 0 and −6 mm. Those scintillation light photons would be reflected and are more likely to hit the APD on the opposite side, as predicted in figure 4 . As a result, crystal 1 deposits more light signal in the right APD than crystal 2 and the Anger-logic positioning would result in the overlapping effect shown in figure 9(a). Furthermore, (P 1 −P 2 ) reaches a maximum at an offset of −2 mm indicated by the arrow. If photons interacting with the top layer (0 to −2 mm) can be effectively absorbed, the edge compression is expected to be suppressed while the light loss can be kept to a minimum. The updated flood map based upon such a concept (design II in section 3.2.2) is shown in figure 9 (c) where two edge crystals are clearly separated. However, such a design, which worked in simulation, failed to produce well-separated edge crystals in actual experiments. However, when the SNR block is 15, the edge crystals are no longer resolvable. From section 3.2.1, we predict that the proposed LYSO+ large-area APD block assembly would achieve a SNR block of ∼21.0, where the voltage signal corresponding to the 511 keV photopeak was measured to be 2.8 V and the voltage signal corresponding to the standard deviation of the noise peak was measured to be 0.067 V.
For designs III and IV, we did not implement noise analysis due to complexities in modeling slotted diffusers. However, as the slotted designs could address edge LSP compression without causing light loss (i.e. light sharing would remain approximately uniform even at the edge), we predict that the SNR in designs III and IV will be slightly higher than for design II. For instance, if the light loss occurring at the top layer (2 mm) is 20% of the total light output for a corner crystal, the SNR of designs III and IV would be (5/4) × 21.0 = 26.25, which would result in a similar crystal flood histogram as shown in figure 10(c) . The factor (5/4) is estimated from figure 9(b) , where the light photons absorbed at the sides between 0 and −2 mm account for approximately one-fifth of the total light photons collected, which ultimately results in 20% loss of light in design II.
Experimental study
Single-APD characterization.
The energy spectrum of a single-APD device coupled to a single crystal located at the central region of the APD is shown in figure 11 . The energy resolution is 11.5 ± 0.4% FWHM for 511 keV photons. The optimum energy resolution (reported here) is achieved at a bias of 1710 V and shaping time of 100 ns. Optimizing the energy resolution for individual devices leads to higher SNR block , as defined by formula (6). Four APDs were then biased at 1710 V (gain variation among APDs was measured to be less than 5%) and amplitudes of each in response to 511 keV photons were calibrated to the same amplitude by adjusting the amplifier settings. The coincidence time spectrum with a single LYSO crystal coupled to a large-area APD detector in coincidence with the LYSO-PMT detector is shown in figure 11 . The time resolution is 1.96 ± 0.10 ns, which is mainly limited by the decay time of LYSO (∼30 ns) and the internal capacitance of the large-area APD.
Block detector characterization.
Flood histograms with four optical diffuser designs are shown in figure 12. For designs I and II, all 64 crystals are not fully resolved for either 511 keV and 1.275 MeV photons shown in figures 12(a) and (b). The crystal separation for 1.275 MeV is better than that of 511 keV photons, due to higher light yield of LYSO crystals under the irradiation by higher energy photons. In addition, we compare the flood maps with diffusers of height varying from 3 to 10 mm for design I. The 9 mm height provides the best result in terms of the dynamic range of the flood histogram even though it could not resolve all crystals. This is in good agreement with the simulation results shown in figures 7(a) and 8(c).
For designs III and IV, all 64 crystals are fully resolved for 511 keV photons, as seen in figures 12(c) and (d). The two flood histograms (designs III and IV) both have a dynamic range of [−0.6 0.6] along the X direction (horizontal direction, corresponding to 3.0 mm crystal width) and of [−0.8 0.8] along the Y direction (vertical direction, corresponding to 2.75 mm crystal width). The two flood histograms were segmented into 64 regions-of-interest (ROIs) and each ROI was stored into a look up table. Voronoi plots were laid upon the raw flood images to show crystal segmentation. A corner crystal in figure 12(d) (top left corner) was chosen for the SNR analysis. The energy spectra of two APDs (APD A and APD C) are shown, respectively. For the chosen crystal, the maximum signal is found in APD A and the noise signal is obtained from APD C. The SNR is 30.9 for design IV and 31.2 for design III, which agree reasonably well with the simulation results in figure 10. For diffuser designs I and II, it is difficult to segment corner crystals even in the flood images for 1.275 MeV photons due to the side reflections resulting in crystal overlapping. Therefore, the four corner crystals on the top-left corner of the flood image were grouped together for the SNR analysis. The SNRs for designs I and II are 26.2 and 28.4 (for 1.275 MeV photons), respectively. The derived SNRs might be an underestimation of true SNRs, as the underlying assumption of formula (6) is no longer valid as we cannot isolate a corner crystal clearly from its adjacent ones. In other words, the next three crystals away from the corner will deposit some portion of signals to the other three APDs (B, C and D) and, thus, max(A, B, C, D) in formula (6) will be underestimated and is lower than the amplitude of 511 keV photopeak. Translating from 1.275 MeV photons to 511 keV photons, the SNR would scale down by a factor of ∼2.5 (ignoring the energy nonlinearity of LYSO) and to 10.5 (design I) and 11.4 (design II), Figure 12 . Measured flood histograms for diffuser design I (a), design II (b), design III (c) and design IV (d) (see figure 6), and plots used for the SNR analysis (e). Both horizontal and vertical scales in all flood maps range from −1 to 1. In (e), the energy spectra gated for the corner crystal (first row, first column, right on the top of APD A) are shown. The 511 keV photopeak measured in the APD A and the sigma of the noise peak in the APD C were used to characterize SNR block . As mentioned in the definition of formula (6), the assumption we made here is that by optimizing the optical diffuser design, the selected crystal at the corner deposits nearly all of its light output in the APD A and does not deposit its light output in the APD C. The noise peak in the energy spectrum of the APD C is purely due to its leakage current (i shot ).
respectively. Under such a low SNR, poor crystal separation in flood histograms is expected according to the simulation results presented in figure 10 . The results are summarized in table 2, with both the position gating and energy gating (twice FWHM centered on the 511 keV photopeak) applied. Overall, the 2 × 2 large-area APD block detector exhibits good uniformity among 64 crystals. In table 2, relative gain refers to the gain (i.e. the photopeak position) of a single crystal with respect to the highest gain among 64 crystals. Relative sensitivity refers to the photon sensitivity (i.e. the counts under the 511 keV photopeak in the energy spectrum) of a single crystal with respect to the highest count among 64 crystals. A slight improvement of energy resolution in design III compared to design IV is observed. For both designs, the edge and corner crystals exhibit lower photon sensitivity, lower gain and poorer energy resolution, compared to crystals in thecentral region. The global energy spectra of designs III and IV after gain normalization are shown in figure 13. The energy resolution FWHM for 511 keV photons is 13.4 ± 0.4% (design III) and 16.5 ± 0.4% (design IV), respectively. Both are inferior to the energy resolution of a single-APD device (figure 11).
The coincidence time spectra of designs III and IV were studied for three crystals. Based on the flood maps in figures 12(c) and (d), a corner crystal located on the top row and the left column, an edge crystal (top row and left column), and a center crystal (fourth row and fourth column) were chosen. In figure 13 , a typical time spectrum is shown for the chosen center crystal for design III. The results are summarized in table 2. Slightly improved time resolution is observed for the center crystal, compared to the edge and corner crystals in both designs. No significant difference is observed between two designs.
For a selected central row (fifth row) and column (fifth column), two profiles are shown in figure 13(c) and the average and standard deviation of PVR results are listed to characterize the crystal resolving ability. For each peak, the PVR was derived by first calculating the ratio of peak amplitude over amplitudes of two adjacent valleys and then taking the average. The average PVR for design III is 2.65 ± 1.13 and 4.20 ± 1.92, respectively. The average PVR for design IV is 2.52 ± 0.60 and 3.52 ± 0.90, respectively.
Discussion
We systematically optimized the design for the proposed large-area APD-based block detector with a simulation tool. Based upon simulation results, a block detector prototype was built and four designs of optical diffuser were tested. In two designs using slotted optical diffusers, the detector prototype exhibits satisfactory performance, in terms of energy resolution, time resolution, uniformity and crystal separation observed in a flood histogram. We believe that such results would enable a brain-dedicated PET/MRI to achieve even better performance compared to currently available whole-body PET systems, and thus, the design could be appropriate for a clinical PET/CT system. 
Simulation study
For a block detector based upon light sharing but without light crosstalk between crystals, Anger-logic positioning relies mainly on the LSF kernel and the associated light-sharing ratio between two APDs. LSF is dependent on the crystal dimension (both width and height, described by the aspect ratio) and on the height (thickness) of the optical diffuser. In general, when crystals have larger aspect ratio and the optical diffuser is thicker, the LSF gets broader and there is more light output. Furthermore, with a thick optical diffuser in place, the light-sharing ratio depends strongly on the light spread within the diffuser as supported by figure 7(a) . Second, the LSF is also dependent on the light-spread within crystals as indicated in figure 7(b) . Figure 7 also implies that for the proposed block detector requiring a thick optical diffuser, the light sharing contributed from the light spread within the optical diffuser is more dominant than from the light spread within a crystal pixel. There is an optimum configuration of the crystal/diffuser which leads to the best edge crystal separation. With a thinner optical diffuser or a smaller crystal width, two edge crystals are not able to deliver enough light to the opposite photodetector (i.e. under-spread of light); while with a thicker optical diffuser or a larger crystal width, the light sharing overrides the original spatial information of two edge crystals and thus causes the D 3 to decrease (i.e. over-spread of light). These two scenarios should be avoided in the block detector design.
The light sharing is also dependent on the layout of the large-area APDs due to edge light compression and dead areas. The edge compression is most significant for edge/corner crystals and could be addressed by utilizing either a dual layer diffuser or a slotted diffuser. Both of them essentially introduce an optical barrier within the diffuser and thus modify the light-sharing ratio for crystals. Simulation results show that by solely optimizing the APD's layout and the dimensions of the diffuser, good crystal separation could not be achieved in figures 8 and 9(a), while the dual layer diffuser significantly suppresses the edge compression and enables the two edge crystals to be resolved as shown in figure 9(c) .
A weak dependence of crystal separation on the optical diffuser's width is observed in figure 8(c) . Additional separation between peaks of edge crystals can be introduced by actively separating APDs. In other words, the dead area of APDs is not necessarily a limitation for resolving edge crystals in the proposed large-area APD-based block detector design. We could extend the diffuser slightly beyond the edge of the crystal array to improve the crystal separation, as by doing so, the edge compression effect can be partially suppressed (i.e. more light photons out of an edge crystal would hit the lower part of the diffuser's side wall in figure 4 ). Such an extension of the spatial dynamic range is realized by either increasing the separation between two APDs or locating the 1.5 mm width dead area at the inner regions of the module. However, a negative impact of such a configuration (dimension of diffuser/APD assembly being larger than that of the crystal array) includes the following: (1) significant light signal would be lost in the extra dead in between APDs; (2) the inter-detector crystal packing fraction will be compromised. Nevertheless, the achieved improvement in edge crystal separation through optimizing APD layout is not sufficient to completely suppress the edge compression for the block detector design under investigation.
Besides the light-sharing configuration, we also find that there is also a SNR threshold that the block detector needs to exceed in order to resolve all crystals (figure 10). The detector design based on APDs is more challenging compared to PMT-based designs due to relatively a lower SNR. In this work, we introduced the SNR block , which allows us set up a link between the noise modeling and the detector's energy spectrum. The latter can be easily measured before a full block detector is built. There are several ways to improve the APD SNR such as optimizing high-voltage bias and shaping time, as well as cooling the APDs. Also note that even though noise spatial is not integrated into SNR block for several reasons we discussed above, it does affect both the quality of flood map (such as D 1 , D 2 and D 3 in figure 3 ) and the energy resolution of the 511 keV photopeak. Figure 12 indicates that the slotted diffuser designs are able to suppress the edge light spread compression more effectively than the dual layer design, which is consistent with simulation results in figure 10 and gives us the confidence in both photon transport modeling and the SNR framework we have developed in this paper. Although the simulation indicates that design II could address the edge light spread compression and enable good separation of corner crystals shown in figure 9(c), we did not see that in the experimental results in figure 12(b) . We hypothesize that this is because design II suffers from a decreased SNR due to the light loss occurring at the upper portion of the optical diffuser covered by black tape (the offset from 0 to −2 mm in figure 9(b) ). To put it another way, the reason why this configuration cannot resolve 64 crystals might be due to the insufficient SNR block , instead of the light-sharing scheme and associated level of edge light compression. If other photodetectors of a higher SNR such as large-area SiPMs or other crystal materials with higher yield than LYSO crystal employed, we predict that design II would also yield well-separated crystals.
Experimental study
For designs III and IV, corner/edge crystals exhibit lower 511 keV photon sensitivity, lower gain and poorer energy resolution, compared to center crystals. The reduction of photon sensitivity is mainly due to the fact that incoming 511 keV photons are more likely to scatter and escape from edge/corner crystals without being stopped by surrounding crystals, compared to central crystals. The reduction of gain for corner/edge crystals might be attributed to two reasons. First, as slotted diffusers are used, light photons more frequently interact with internal interfaces within the diffuser prior to being detected. Such interactions cause light loss and light collection variations. Second, for edge/corner crystal elements, a larger portion of light signal is lost due to the existence of peripheral dead area compared to that of the center crystals.
For designs III and IV, both energy resolution and the time resolution measured for a center crystal element (figure 13) are inferior to those obtained using a single LYSO crystal element coupled to a single APD ( figure 11 ). This can be attributed to the use of a thick optical diffuser causing additional light loss and the additive uncorrelated noise from four APDs. Note that time resolution results can be improved by replacing the large-area APDs studied, which were actually position-sensitive APDs (PSAPDs), by regular non-position-sensitive APDs. The former is known to introduce timing dispersion due to the presence of a resistive sheet that is employed to achieve position sensitivity. Another interesting finding is that both energy resolution and PVRs are slightly better in design III compared to design IV, which was not expected. The motivation for design IV is to introduce the tapered feature (for eight sections located at the outer regions of the diffuser) so that the light loss occurring at the dead area of APDs could be avoided. However, the difference reveals that the tapered diffuser has not improved the light collection for corner/edge crystals. A tentative explanation is as follows. When a tapered diffuser is utilized, those light photons produced from crystals hitting the tapered surface will experience a light loss at the tapered faces (i.e. total internal reflection only occurs above a certain incidence angle at the tapered face). In addition, since the diffuser end closer to crystals has larger cross-sectional area than the end closer to APDs, this will also cause light loss due to the conservation of phase space (Liouville's theorem) (Marcuse 1971) . The extent of light loss is proportional to the tapered angle. Overall, the light collection efficiency is worse than a diffuser of square cross-section. Taking into account the increased complexity in manufacturing and assembling components of a tapered shape, design III is preferred over design IV.
The overlapping between adjacent peaks in figure 13(c) is due to several factors: the light-sharing ratio, the associated Poisson statistics of scintillation light photons, edge LSF compression, the noise of APDs and electronics, as well as the inter-crystal scattering among LYSO crystal array elements. These factors result in approximately a factor of 4 drop in the PVR value, when compared to the simulated D 3 (∼15) in figure 7(a) with a 9 mm thickness diffuser. Such information suggests that a pre-selection criterion should be applied to exclude those designs with relatively small D 3 based upon formula (2).
Overall, good agreement between simulation and experimental results in this work leads us to believe that by integrating the light-sharing optimization of the LSF with the SNR analysis of APDs, we have established a reasonable framework for PET block detector design. Further validations include checking the modeling accuracy in DETECT2000 and parameters used in the SNR analysis such as leakage current and excess noise factor. Improving the accuracy of these components would enable us to further improve the accuracy of the presented framework. Furthermore, the generalized framework built in this work, if successful, will help to guide PET detector module designs for other PET configurations as well. For instance, the current design can be used to scale down to a preclinical PET system or scale up to a whole-body clinical scanner by selecting different crystal/diffuser dimensions. System designs comprising other MRI-compatible photodetectors such as emerging SiPM devices can also benefit from the framework, as they share several design features studied in this work, including crystal array, optical diffuser, light sharing, detector dead area and SNR performance.
Conclusions
We investigated the feasibility of designing an Anger-logic PET detector module using largearea high-gain APDs for a brain-dedicated PET/MRI system. Using Monte Carlo simulation and analytical formulations, we systematically optimized the detector design, with regard to scintillation crystal element dimension, optical diffuser dimensions, surface treatment, layout of APDs, and SNR of APD devices. The model developed applies whether one scales the design down to a preclinical PET system, to scale up to a whole-body clinical scanner, or replaces APDs with other novel detectors of better timing and a higher SNR such as SiPMs. A detector prototype was built (an 8 × 8 array of 2.75 × 3.00 × 20 mm 3 LYSO crystal elements, optical diffuser: 22.0 × 24.0 × 9.0 mm 3 , surface treatment: METAL). Four designs of optical diffuser were tested and two slotted diffuser designs were able to resolve all crystals within the block with good uniformity and PVR. For the block detector with the optical diffuser following design III (slotted design without tapering), the 511 keV photopeak energy resolution of the global energy spectrum is 13.4 ± 0.4% FWHM. The measured energy resolution of all 64 crystals has a maximum value of 17.3 ± 0.4% FWHM and a minimum value of 11.3 ± 0.3% FWHM. The measured time resolution of the block is 4.85 ± 0.04 ns FWHM (center crystal), 5.17 ± 0.06 ns FWHM (edge crystal), and 5.18 ± 0.07 ns FWHM (corner crystal). Time-resolution results will be improved if we were to replace the positionsensitive APDs with non-position-sensitive APDs. With the detector prototype built, we are currently working toward the incorporation of depth-of-interaction capability. Finally, using a photodetector with higher gain and faster timing capabilities, such as a large-area SiPM, such a block detector design might be useful in time-of-flight (ToF) PET/CT or ToF-PET/MR system designs, provided that the SNR is high enough.
